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Electrons in monolayer transition metal dichalcogenides (TMDs) possess both the valley 
and spin degree of freedom 1. These internal quantum degrees of freedom have provided an 
ideal laboratory for exploring both new physical phenomena and electronics and photonics 
applications 1, 2. Valley- and spin-dependent optical and electrical properties, originated 
from Berry curvature effects, have been recently demonstrated 3-8. Such Berry curvature 
effects, together with strong spin-orbit interactions, can further generate unconventional 
Landau levels (LLs) under a perpendicular magnetic field that support valley- and spin-
polarized chiral edge states in the quantum Hall regime 9, 10. The unique LL structure, 
however, has not been demonstrated in TMDs. Here we report the observation of fully 
valley- and spin-polarized LLs in high-quality WSe2 monolayers achieved using a van der 
Waals heterostructure device platform 11. Handedness-resolved optical reflection 
spectroscopy has been applied to probe the inter-LL transitions at individual valleys. The 
LL structure has been constructed. A doping-induced mass renormalization driven by the 
strong Coulomb interactions has also been observed. Our results open the door for studies 
of the unconventional LL physics and quantum Hall effect in monolayer TMDs. 
 
Monolayer transition metal dichalcogenides (TMDs) (MoS2, MoSe2, WS2, WSe2 etc.) 
with a honeycomb lattice structure are multi-valley direct bandgap semiconductors 1, 2. Dirac 
electrons in these materials are characterized by both the valley (K and K’) and the spin indices 1. 
Under a perpendicular magnetic field, they have been predicted to form discrete Landau levels 
(LLs) 9, 10 that are distinct from the case of two-dimensional (2D) electrons both in conventional 
semiconductor quantum wells (QWs) 12-14 and in graphene 15. Because of the broken sublattice 
symmetry and of the valley-contrasting 𝜋 Berry’s phase associated with the conduction and 
valence bands in monolayer TMDs 9, 10, 15, 16, the zeroth LLs at the K and K’ valleys are split by 
the material’s band gap and are thus valley-polarized. Specifically, they are fixed to the 
conduction band minimum and the valence band maximum of the K and K’ valley, respectively, 
if Zeeman effect is ignored. Valley-polarized LLs have been demonstrated in non-
centrosymmetric QWs 13, 14 and in gapped bilayer graphene 17-19. There are, however, important 
differences between these systems and the TMDs. In QWs, the Berry curvature effects do not 
play an important role. Instead, application of a symmetry-lowering strain is required to produce 
valley-polarized LLs 13. On the other hand, although the Berry curvature effects are responsible 
for lifting the valley degeneracy in both TMDs and gapped graphene, the strong spin-orbit 
interactions (SOIs), present only in TMDs, further spin-polarize the LLs at each valley 9, 10. 
Compared to the LLs in graphene with spontaneous SU(4) symmetry breaking 20, 21, the fully 
lifted LL degeneracy in TMDs, applicable to all LLs, is more robust. To date, the unique LL 
structure in monolayer TMDs has not been observed.  
 2 
 
A major challenge in observing the unique LL structure in monolayer TMDs lies in the 
sample quality. In comparison to conventional III-V QWs 12, the electron cyclotron energy ℏ𝜔! ≈ ℏ!!! 𝐵 in monolayer TMDs is nearly an order of magnitude smaller under the same 
magnetic field B because of their large electron band masses 𝑚! (here ℏ is Planck’s constant and  𝑒 is the elementary charge) 9, 10. As we show below, monolayer TMDs with mobilities of ~ 1000 
cm2/Vs or higher are required to observe the LLs at low temperature under a laboratory scale 
magnetic field. Moreover, the study of the LLs by optical measurements are hampered by the 
strong excitonic effects that are characteristic of monolayer TMDs 2, 22. Although Shubnikov-de 
Haas oscillations (SdHO) in the dc conductivity has been observed in monolayer TMDs 11, 23, the 
valley-spin polarized LL structure cannot be directly probed by transport measurements.  
 
In this work, we investigate the LLs in high-quality WSe2 monolayers by handedness-
resolved optical reflection spectroscopy at 3 K. We have employed the van der Waals 
heterostructure device platform to fabricate dual-gate transistors of monolayer WSe2 (Ref 11) 
(See Methods for details). The WSe2 samples are encapsulated by thin films of hexagonal boron 
nitride (hBN) with few-layer graphene as contact and gate electrodes (Fig. 1a). The combination 
of hBN encapsulation that minimizes disorder and the dual local gates that enable tuning of the 
doping density to significantly suppress the excitonic effects 22 has allowed the observation of 
inter-LL transitions in monolayer WSe2 under a perpendicular magnetic field as low as 3 Tesla. 
We have decomposed the optical reflectance contrast into responses to the right (𝑟) and left (𝑙) 
circularly polarized light to probe the optical transitions at the K and K’ valley independently. 
The valley contrasting optical selection rules have been the basis for optical control of the valley 
polarization in monolayer TMDs under B = 0 1, 3-5 and have been shown to remain valid even 
under finite 𝐵-fields 24-30. In particular, the dipole allowed transitions are –(n+1) ↔ n at the K 
valley (for 𝑟 polarization) and –n ↔ n+1 at the K’ valley (for 𝑙 polarization), where n = 0, 1, 2… 
is the LL index 24, 25.  
 
The dual-gate structure allows us to independently tune the vertical electric field and the 
doping density in monolayer WSe2. Here we focus on the doping effects under zero electric field 
(See Supplementary Section 1 for details on gating and basic optical and electrical 
characterization of the devices). Figure 1b shows the unpolarized reflectance contrast ∆!!  as a 
function of doping density 𝜎 and photon energy 𝐸 (1.64 – 1.75 eV) under B = 0. In this region, 
the spectrum is dominated by the A exciton absorption around 1.73 eV (regime I) and charged 
excitons around 1.70 eV under relatively low electron or hole doping densities (regime II), as 
previously reported 1. When 𝜎 > 𝜎! = 7.0×10!" cm-2 (regime III), a kink is observed, 
corresponding to doping into the spin-split upper conduction band c1 as shown in the electronic 
structure 31 (Fig. 1c). (For more evidence see below and in Supplementary Section 1.2.) Around 
the K and K’ points of the Brillouin zone, the low-energy electronic structure consists of spin-
split conduction bands (c1, c2) and valence bands (v1, v2) with a splitting of ~ 30 and 400 meV 
by the SOIs, respectively 2, 31. Optical transitions are allowed only between bands of the same 
spin with the lowest energy transitions (v1↔ c1) giving rise to the A exciton 2. The observed 
kink and a subsequent small blue shift of the absorption edge (Supplementary Fig. S4) in regime 
III can be understood as the emergence of Pauli blocking of optical transitions to the Bloch states 
in band c1. Because of the Schottky nature of the contacts of our devices, calibration of the 
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doping density 𝜎 by the Hall effect was not possible. Instead, 𝜎 was calibrated from the applied 
gate voltages using capacitances determined from the dielectric constant (𝜀 ≈ 2.7) and thickness 
(~ 20 nm on both sides) of the hBN thin films. We took 𝜎 = 0 (i.e. Fermi level at the band edge 
of c2) where the neutral exciton feature just disappears. The (systematic) error introduced in 𝜎 is 
estimated to be ~10%. (See Supplementary Section 1.4 for the measurement of 𝜀 and discussion 
on the error analysis.) Below we will study the B-field effects focusing on the region given by 
the dashed box, where the excitonic effects are significantly reduced by doping and optical 
transitions remain sharp. 
 
Figure 2b & 2c show the reflectance contrast ∆!!  under 9 T for the 𝑟 (K) and 𝑙 (K’) 
channel, respectively. Unlike the case of B = 0, the 𝑙 and 𝑟 spectra under 9 T are distinct, a 
manifestation of broken time-reversal symmetry (See Supplementary Section 2 for extra data). 
The optical contrast, equivalent to the optical conductivity, oscillates with doping density. 
(Representative vertical cuts at photon energy 𝐸 = 1.665 eV for the two valleys are shown in 
Fig. 2a. The corresponding optical ellipticity 𝑒 = 𝑟 − 𝑙, reflecting the sample’s variable magnetic 
moment, is shown in Fig. 2d.) This is analogous to the SdHO in the dc conductivity 11, 23, a 
characteristic signature of LLs in transport. On the other hand, for a given doping density (a 
horizontal cut), multiple fully resolved transitions with equal energy spacing can be identified. 
The energy, and to a lesser extent the spacing (see below), of these transitions are doping 
dependent. We tentatively assign them inter-LL transitions. These transitions disappear 
sequentially with increasing doping as a result of Pauli blocking of the LLs of band c1. We trace 
the critical doping densities 𝜎!∗ required to fill the nth LL of band c1 from the onset of Pauli 
blocking of the corresponding inter-LL transition (marked by horizontal dashed lines in Fig. 2b 
& 2c). Note that such densities are distinct for the K and K’ valley, a clear indication of LLs 
being valley polarized. We summarize the critical densities for the first several LLs of band c1 at 
varying magnetic fields in Fig. 3. In order of density increase, the LLs are labeled as 𝑛! = 0, 1, 2, 
… for the K valley, and 𝑛!! = 1, 2, … for the K’ valley 9, 10, 24, 25. We note that 𝜎!!!!∗  (equivalent 
to the energy of the 𝑛! = 0 LL) decreases linearly with B-field although the zeroth LLs have 
been predicted to be non-dispersive in B-field from the Berry curvature effects 9, 10. This 
magnetic field dependence arises from the Zeeman effect 24-30 and will be used to determine the 
electron effective magnetic moment below.  
 
Next we determine the LL degeneracy. When the Fermi level is shifted from the (n-1)th to 
the nth LL in the K or the K’ valley, the LL degeneracy 𝑓 can be evaluated as: 𝜎!∗ − 𝜎!!!∗ = 𝑓 !!!, 
where Φ! = 4.14×10!!" Tm2 is the magnetic flux quantum 12. From the slopes of Fig. 3 we 
obtain 𝑓 =   3.4 ≈ 3 for 𝑛! = 1 and 2, and 𝑓 = 4.4 ≈ 4 for 𝑛!! = 2, 3, 4. The 10% overestimate 
in 𝑓 is most likely due to the systematic error in 𝜎 as mentioned above. The unity change from 𝑓 = 3.4 to 𝑓 = 4.4, together with the oscillatory magnetic moment as a function of doping 
density (Fig. 2d), provide strong evidence that the degeneracy of each LL is 1, i.e. each LL is 
fully valley and spin polarized. In this picture, the first three LLs of band c1 in the K valley 
(𝑛! = 0, 1, 2) are below all the other LLs of band c1 in energy. To fill the 𝑛! = 1 (or 2) LL after 
filling 𝑛! = 0 (or 1), one needs to fill three LLs (thus f = 3) including 1 LL of band c1 at the K 
valley and two LLs of band c2 (one from each valley). Similarly, to fill successively each of the 
higher energy LLs, one needs to fill four LLs (thus f = 4) including one LL of the K valley and 
one LL of the K’ valley of band c1, and two LLs of band c2. In comparison, the (non-spin 
 4 
resolved) transport measurements have determined a LL degeneracy of 2 in hole-doped 
monolayer WSe2 (Ref 23), which is in agreement with our result, and a LL degeneracy between 2 
and 4 in electron-doped monolayer MoS2 (Ref 11) from the SdHO in the dc conductivity. The 
discrepancy between the two TMD compounds could be due to the small spin-orbit splitting in 
the conduction bands of MoS2.  
 
We now perform a more careful analysis of the inter-LL transition spectrum. As an 
example, we choose doping density 𝜎 = 5.9×10!" cm-2. Other doping results are similar. In Fig. 
4b, we show several representative reflectance contrast spectra under 3 - 9 T for both the r(K) 
and l(K’) channel. Resonances are visible under a field as low as 3 T. Under 9 T, the peaks are 
separated by ~ 4 meV and the peak width is ~ 2 meV (corresponding to a relaxation time of ~ 
3x10-13 s and a mobility of ~ 1500 cm2/Vs if an effective mass of 0.4𝑚! is assumed 31). We label 
these inter-LL transitions in order of energy increase as 𝑁! and 𝑁! (= 1, 2,…) for the l(K’) and 
r(K) channel, respectively. The transition energies 𝐸!± as a function of 𝐵-field are summarized 
in Supplementary Fig. S9. These energies can be described as the sum of the LL energies and the 
Zeeman energies 24, 25  
 
 𝐸!± ≈ 𝐸! + !ℏ!!/! 𝐵 + 𝑁± − 1 !ℏ!! 𝐵 ± (𝜇! − 𝜇!)𝐵,   (1) 
 
where the “+” sign and conduction band mass 𝑚! in the second term are for the K’ valley; and 
the “-” sign and the valence band mass 𝑚! in the second term are for the K valley. In Eqn. (1) 
the first term 𝐸! is the transition energy under the given doping density for B = 0. The second 
and third term are the LL energies of the conduction and valence band with consideration of the 
optical selection rules; 𝑚!!! = 𝑚!!! +𝑚!!! is the electron-hole reduced mass. The fourth term is 
the Zeeman energies with 𝜇! and 𝜇! denoting the effective electron and hole magnetic moment, 
respectively. (See Supplementary Section 2.3 for more detailed derivations.) To isolate the LL 
energies, we plot our experimental result !!!!!!!! = 𝐸! + (2𝑁 − 1) !ℏ!!! 𝐵 as a function of 𝐵∗ = (2𝑁 − 1)𝐵 in Fig. 4c. Excellent agreement is obtained with 𝐸! = 1.664 eV and 𝑚! ≈ 0.268± 0.003  𝑚! (𝑚! is the free electron mass). The latter is higher than 0.2𝑚! 
determined from the first principles (𝑚! ≈ 𝑚! ≈ 0.4𝑚! 31). (See below for more discussions on 
the doping-induced mass renormalization.) In the inset of Fig. 4c we show the B-dependence of 𝐸!! − 𝐸!! /2. If the small mass difference between band v1 and c1 is ignored, the slope yields 𝜇! − 𝜇! = 0.12± 0.02 meVT-1, which is also in good agreement with previous magneto-
luminescence studies 28-30.  
 
 Finally we construct the unique LL structure of monolayer WSe2 in Fig. 4a. For 
simplicity, we neglect the small band mass difference for band v1, c1 and c2 31 without assuming 
any specific band mass values. This allows us to determine the LL energies in band c1 from the 
inter-LL transition energies. We take the Fermi energy 𝐸! = 0 at the edge of the spin-split lower 
conduction band c2 (where electron doping density 𝜎 =  0). We note that successive Pauli 
blocking of inter-LL transitions in the K valley occurs in the regime of 𝜎 > 𝜎!!!!∗  when the 
Fermi level sweeps through each LL of band c1 in that valley. The corresponding change in 𝐸! 
between successive filling (the conduction band cyclotron energy) is half of the energy spacing 
between the successive inter-LL transitions, i.e. ℏ𝜔! ≈ 2 meV at 9 T. The conversion rate of 𝜎 to 
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𝐸! can thus be determined. Below the critical density 𝜎!!!!∗ , however, doping only occurs in 
band c2 and 𝐸! varies with 𝜎 at twice the rate since the number of electron species is halved. The 
resultant energy 𝐸! is shown on the right axis of Fig. 2. Equipped with the 𝜎 to 𝐸! conversion 
relationship, we can also determine the electron effective magnetic moment to be 𝜇! = 0.13±0.02 meVT-1 from the slope of the B-field dependence of the 𝑛!= 0 LL energy (a pure Zeeman 
effect, Fig. 3). Combined with the extracted value for 𝜇! − 𝜇! , the hole effective magnetic 
moment is estimated to be 𝜇! = 0.25± 0.02 meVT-1. Knowing the Zeeman shift and the energy 
of the 𝑛!= 0 LL in band c1, we can now fix the band edge of band c1. This yields a spin-orbit 
splitting of 29 meV for the conduction bands, which is also in good agreement with first 
principles calculations 31. Using the electron effective magnetic moment of opposite sign for 
band c2, we can also determine the LLs for band c2. And using the inter-LL transition energies 
under a known doping density (for instance, 5.9×10!" cm-2) we determine the LLs of band v1. 
The complete LL structure is shown in Fig. 4a. (See Supplementary Section 3 for more details.) 
 
So far we have ignored interaction effects in the discussion. We note that first, the 
excitonic effects are known to be very strong in monolayer TMD semiconductors at relatively 
low doping densities 2. In this limit, the cyclotron gyroradius is much larger than the exciton 
Bohr radius and the effect of the 𝐵-field is a weak diamagnetic correction ∝ 𝐵! (ref 22, 32). When 
the gyroradius becomes comparable to or smaller than the Bohr radius for weak excitonic 
binding or under high fields, the field dependence crosses over from ∝ 𝐵! to ∝ 𝐵, and the 
excitonic transitions become band-to-band like inter-LL transitions 22, 32. Our experiment belongs 
to the latter case. Second, we show in Fig. 4d the doping dependence of the reduced mass 𝑚! 
extracted from the magnetic-field dependence of the inter-LL transition energies (See 
Supplementary Section 4 for details of the analysis). With increasing doping density, 𝑚! 
decreases, goes through a step rise at 𝜎! (dashed line), and then continues to decrease. The 
phenomenon of doping-induced mass renormalization has been studied in other 2D electron 
systems 33. The interaction strength is measured by the Wigner-Seitz radius, 𝑟! = !!!!!"!!∗ , where 𝑔! and 𝑔! denote the spin and valley degeneracy, respectively, and 𝑎!∗ = 𝑎!𝜀/(!!!!! ) is the Bohr 
radius 𝑎! corrected by the dielectric constant 𝜀 of the medium (hBN) and the bare conduction 
band mass 𝑚!! ≈ 0.4𝑚! 31. The estimated 𝑟! for our experiment (top axis of Fig. 4d) spans 13 – 
26, showing that electrons in 2D TMDs are well into the strong interaction regime. In the inset of 
Fig. 4d, we show the doping-induced mass renormalization predicted by the result originally of a 
high-density calculation 𝑚! ≈ 𝑚!!(1+ 0.043𝑟!) (𝑚!! ≈ 0.2𝑚! 31) that has been shown a fairly 
good approximation even well beyond the high-density limit 33. Qualitative agreement between 
the experimental result and the simple model is seen. The mass increases monotonically with the 
interaction strength before doping into the spin-split upper conduction band c1. The step rise 
corresponds to doping into c1 and doubling the electron species. In conclusion, our experiment 
has demonstrated the unique LL structure in monolayer TMDs. The robust valley and spin 
splitting of the zero-energy LL in TMDs, resulted from inversion symmetry breaking and SOI, 
respectively, open up new possibilities for studies of unconventional LL physics and quantum 
Hall effect in a 2D semiconductor. 
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Methods 
Device fabrication 
Dual-gate field-effect transistors (FETs) of monolayer WSe2 studied in this work have 
been built from individual van der Waals (vdW) layers using a mechanical transfer method 
developed by Wang et al. 34. Thin flakes of hexagonal boron nitride (hBN), few-layer graphene 
and monolayer WSe2 were first exfoliated from bulk crystals onto silicon substrates covered by a 
300 nm thermal oxide layer. A thin layer of polypropylene carbonate (PPC) on 
polydimethylsiloxane (PDMS) supported by a glass slide was prepared as a stamp. The vdW 
flakes were picked up layer-by-layer by the stamp using micromanipulators under a microscope. 
The finished multilayer stack was then released onto a silicon substrate (with a 100 nm thermal 
oxide layer) with pre-patterned gold electrodes. The substrate was aligned such that each of the 
four graphene electrodes (source, drain, top gate and back gate) was in contact with only one 
gold electrode. An optical image of the finished device and its schematic side view are shown in 
Fig. 1a of the main text. The residual PPC on the device was dissolved in anisol before optical 
measurements. Monolayer WSe2 has been fully encapsulated by hBN to achieve high quality 
required for the observation of inter-LL transitions. Three devices have been measured at low 
temperature and two of them showed clear LL structures below 9 Tesla. 
 
Optical spectroscopy at low temperature and under high magnetic fields 
 Optical spectroscopy with a sub-micron spatial resolution at 3 K and under a magnetic 
field up to 9 T was performed in an Attocube close-cycle cryostat (attoDry1000) with a confocal 
microscopy insert. Optical radiation was coupled into and out of the system using free-space 
optics. A high numerical aperture (N.A. = 0.8) objective was used to focus the excitation beam 
onto the device and also collect the reflection/emission from it. The collected radiation was 
detected by a spectrometer equipped with a charge-coupled-device (CCD). For the reflectance 
contrast measurements, broadband radiation from a supercontinuum light source was employed. 
A quarter-waveplate in the incident beam path was used to select the left and right circular 
polarization. The excitation power on the device was kept below 5 µW to minimize heating 
effects. The reflectance contrast spectrum ∆!!  was obtained by comparing the reflectance from the 
part of the device with the monolayer WSe2 channel (𝑅′) and without the channel (𝑅) as ∆!! ≡ !!!!! . For photoluminescence (PL) measurements, the excitation light source was a HeNe 
laser at 632.8 nm with an incident power < 100 µW on the device. A long-pass filter removes the 
laser line for detection of the PL spectrum by the spectrometer and CCD.  
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Figures and figure captions: 
 
 
 
Figure 1| Optical transitions in dual-gated monolayer WSe2. a, Optical microscope image and 
schematic side view of a dual-gate field-effect transistor of monolayer WSe2 with graphene 
contact and gate electrodes. WSe2 is fully encapsulated by hBN. The boundaries of the WSe2 
channel and the graphene gates are shown in pink solid line and grey dashed lines, respectively. 
b, The reflectance contrast contour under B = 0 shows three doping regime I, II and III. Doping 
density 𝜎! corresponds to the Fermi energy at the bottom of band c1. The dashed box is the 
region of interest. c, Electronic band structure of monolayer WSe2 at the K and K’ valley and the 
valley contrasting optical selection rules for the A exciton features shown in b. (c1, c2) and (v1, 
v2) are the spin-split conduction and valence bands. Optical transitions are allowed between 
bands of the same electron spin (shown in the same color). The dotted lines show three 
representative Fermi energies from doping regime I, II and III, respectively. 
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Figure 2| Valley contrasting inter-LL transitions. a, Reflectance contrast of monolayer WSe2 
at a representative photon energy of 1.665 eV as a function of doping density 𝜎 for K (r channel) 
and K’ (l channel) valley. b, c, Reflectance contrast contour as a function of doping density 𝜎 
(left axis), Fermi energy 𝐸! (right axis), and photon energy E (bottom axis) under 9 T for K and 
K’ valleys. The doping densities 𝜎!∗ required to fill each LL are marked by horizontal dotted 
lines. d, Optical ellipticity as a function of doping or Fermi energy calculated from a.  
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Figure 3| Magnetic-field dispersion of valley-spin polarized LLs. The doping densities 𝜎!∗ 
required to fill LL 𝑛! = 0− 4 (at the K valley) and 𝑛!! = 1− 4 (at the K’ valley) are shown as 
a function of magnetic field B. Solid lines are linear fits to the experimental data (symbols). The 
error bar is the uncertainty in determining 𝜎!∗ from Fig. 2. 
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Figure 4| LL structure of monolayer WSe2. a, The LL structure of monolayer WSe2 at 9 T for 
doping at 5.9×10!" cm-2 constructed from the results of Fig. 2 & 3. Band v1, c1 and c2 are 
shown in solid lines with bands of the same electron spin in the same color. The LLs are 
represented by dashed lines. Black lines with an arrowhead show the valley and spin contrasting 
optical selection rules. b, The left- (l) and right-handed (r) reflectance contrast spectra at a fixed 
doping density of 𝜎 = 5.9×10!"cm-2 under differing magnetic fields (displaced vertically for 
clarity). The vertical bar shows the scale for contrast equal to 0.1. c, The valley averaged inter-
LL transition energies (𝐸!! + 𝐸!!)/2 for the five lowest energy transitions (N = 1-5) as a 
function of reduced magnetic field 𝐵∗ = (2𝑁 − 1)𝐵. The inset shows 𝐸!! − 𝐸!! /2 as a 
function of 𝐵. Solid lines are linear fits to the experimental data (symbols). d, The reduced mass 𝑚!, determined from the slope of c, as a function of doping density. The error bar is the 
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uncertainty propagated from the standard deviation of the mean for the slope from the least 
squares fit. Values of 𝑟! are shown in the top axis. The inset shows the dependence of 𝑚! ≈𝑚!!(1+ 0.043𝑟!) on the experimental 𝑟! value. 
 
 
